The usage of Humulus lupulus for brewing increased the demand for high-quality plant material. Simultaneously, hop has been used in traditional medicine and recently recognized with anticancer and anti-infective properties. Tissue culture techniques have been reported for a wide range of species, and open the prospect for propagation of disease-free, genetically uniform and massive amounts of plants in vitro. Moreover, the development of large-scale culture methods using bioreactors enables the industrial production of secondary metabolites. Reliable and efficient tissue culture protocol for shoot regeneration through organogenic nodule formation was established for hop. The present review describes the histological, and biochemical changes occurring during this morphogenic process, together with an analysis of transcriptional and metabolic profiles. We also discuss the existence of common molecular factors among three different morphogenic processes: organogenic nodules and somatic embryogenesis, which strictly speaking depend exclusively on intrinsic developmental reprogramming, and legume nitrogen-fixing root nodules, which arises in response to symbiosis. The review of the key factors that participate in hop nodule organogenesis and the comparison with other morphogenic processes may have merit as a study presenting recent advances in complex molecular networks occurring during morphogenesis and together, these provide a rich framework for biotechnology applications.
General Introduction
Humulus lupulus, belonging to the Cannabinaceae family, has a long traditional use as a bittering agent in brewing industry. Lupulin glands located behind the bracts of the cones of the female plant, known as hops, are covered with lupulin powder. Lupulin contains the hop acids, essential oils, and polyphenols that give the bitterness and flavour to the beer. Hop acids, humulones (α-acids), and lupulons (β-acids) contribute to bitter taste of beer and stability of the beer froth. Essential oils constitute the volatile fraction of the hop and include the so-called hydrocarbon-terpenes that give hop its pleasant aroma. Moreover, hop plants have a long and proven history of herbal use, being employed mainly for their soothing, sedative, tonic, and calming effect.
In fact, hop was considered the medicinal plant of the year 2007 by the Journal of Medicinal & Spice plants. In order to identify the active principles and mechanism of action responsible for their phytochemical and pharmacological effects, many in vitro and in vivo studies have been conducted and reviewed elsewhere [1] [2] [3] . Hop is also rich in numerous important secondary metabolites: prenylated chalcones, desmethylxanthohumol, and xanthohumol. In recent years, some prenylated chalcones have received much attention for their biological effects. In particular, xanthohumol has been shown to exert cancer chemopreventive activity in in vitro experiments. In addition, 8prenylnaringenin has been characterized as one of the most potent phytoestrogens isolated until now. Nevertheless much additional work is needed to open up new biomedical application of these compounds.
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In 2008, the world-wide total area cultivated with hops was approximately 50,000 Ha and total world production of hops harvested was approximately 104,000 T (International Hop Growers' Convention 2008). This report also expressed concern on the need for the best quality of hops for beer brewing and on the rising prices due to increasing demand and poor harvests. In an attempt to tackle these challenges, an international consortium (Australia, USA, UK, Slovenia) screened using Diversity Arrays Technology accessions of hop from Europe, North America, Asia, and Australia, including examples of Humulus lupulus var. lupuloides, Humulu lupulus var. pubescens and Humulu lupulus var. neomexicanus. The accessions included high and low α-acid, aroma, powdery and downy mildew resistant, and susceptible cultivars among others. Preliminary results anticipate that this technology will provide a platform for exploration of marker-trait associations to develop markerassisted selection strategies in hop [4] .
As in many crops, the availability and quality of planting material are major limiting factors for industrial exploitation. Rapid and efficient in vitro regeneration methods that minimise somaclonal variation are critical for assisting conventional breeding programs, mass propagation, and genetic engineering of commercial varieties. This is potentially helpful to supply clones with desirable traits and free of pathogens. For many plants, specialized techniques have been developed that allow for the multiplication of isolated cells, tissues, and organs. These techniques are based in the capacity of cultured plant tissues and cells to undergo morphogenesis, resulting in the formation of discrete organs or whole plants.
Stimulated mainly by the usage of hop in brewing, protocols for propagation of different cultivars have been established [5] [6] [7] . Starting from different explants, these protocols are based in the intermediary formation of a callus which makes the regeneration prone to undesirable somaclonal variations. More recently, it has been reported in vitro regeneration of hop through organogenic nodule culture [8, 9] .
Organogenic nodule formation was proposed as an efficient system for plantlet regeneration parallel to somatic embryogenesis. Nodules are independent, spherical, and dense cell clusters, which form a cohesive unit and display a consistent internal cell/tissue differentiation [10] and their production has been described for several species [10] [11] [12] [13] . Hop nodule culture constitutes an optimal tool for the engineering of agroeconomic traits such as maturity date, disease resistance, and aromatic oils content. A case of success was the introduction of resistance to V. albumatrum fungi in hop var. Eroica by particle bombardment of petioles [14] . The regeneration of the transgenic plants was achieved through organogenic nodule formation and plantlet regeneration. The impact of such achievements still needs to be determined but since several pathogen threaten commercial hop plantations yield every year, innovations in particular aspects of this technology grant the successful application of biotechnology to crop improvement.
The fundamental techniques to achieve in vitro morphogenesis have been long well-established. As a result, plant regeneration from cultured cell and tissues has been reported for a wide range of species. This has been achieved mostly based on empirical studies through manipulation of culture medium, especially growth regulators and selection of genotypes and explant source. However, many plant species and cultivars remain recalcitrant in regeneration or the rate of multiplication is either slow or limited. Relationships between the culture medium and explant leading to morphogenesis are complex and, despite extensive study, remain poorly understood. In recent years, galvanized by the advancement in functional genomics research, significant advances have been made in the identification of key regulatory elements that are involved in both in situ and in vitro plant morphogenesis.
Using differential gene-expression profiling, bioinformatics, in situ analysis, and functional characterization, a number of interesting candidate genes have been identified that are required for hop organogenic nodule formation. Here, we discuss how candidate genes have been coupled with targeted functional analysis to gain insight into the molecular mechanisms underlying morphogenesis. Moreover, we highlight common features between organogenic nodule formation in hop and other morphogenic processes such as somatic embryogenesis and the organogenesis of nitrogen-fixing root nodules.
Organogenic Nodules as a Biotechnological Tool for Production of Bioactive Compounds
Hop compounds have remarkable bioactive properties and for this reason hop is being regarded as a strong candidate to molecular farming. This can be achieved by using cell suspension culture or organ cultures such as organogenic nodules. It offers obvious advantages for the production of bioactive compounds over whole plant cultivation as it enables a strict control of products' availability, and safety/quality, with the production occurring under controlled and optimized conditions. Besides, it avoids problems related to storing and processing huge amounts of biomass [15] and it gives independence from external factors such as climate changes, agricultural policies, and pests. Moreover, production of pharmaceuticals and chemicals from plants would require available land to be effectively used. Recently, a high production of xanthohumol was obtained in cell suspension cultures established from leafderived calli [16] . However, many products of interest are synthesized in organized tissues, but are not formed in poorly differentiated cultures [17] . Plant production in bioreactor through regeneration from organogenic nodules constitutes an attractive alternative to the in nature whole plant cultivation for the production of high-value secondary metabolites. Two efficient methods with high potential for scale up and automation were described for mass propagation of Humulus lupulus L. in liquid medium [9] . This hop in vitro culture system enables a large-scale production of plantlets in batch cultures; these cultures remained proliferating for more than 5 years and presented genetic stability [9] .
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In an attempt to understand the mechanisms regulating the production of bioactive compounds such as prenylflavonoids, researchers have cloned a complete sequence of chalcone synthase gene which was highly expressed in glandular trichomes during cone maturation [18] . The promoter region of the valerophenone synthase gene was also isolated from hop; this enzyme is a member of the chalcone synthase superfamily [19] . A major effort in the sequencing and analysis of 10,581 ESTs of hop glandular trichomes led to the identification of an O-Methyltransferase that performs the final reaction of xanthohumol biosynthesis [20] . Recently, two genes coding for transcription factors (HlbZIP1 and HlbZIP2) that showed highly specific expression in lupulin glands were cloned and shown to interfere with the accumulation of flavonol glycosides, anthocyanins, and other phenolic compounds [21] .
Taking together the knowledge gathered on some genes regulating the production of useful compounds and the reliable in vitro systems for regeneration and transformation of hop plants, we can consider that the hop in vitro system herein reviewed appear as a very powerful system not only for production of secondary metabolites normally produced by in-nature hop growing plants but also for production of secondary compounds from other plant origin and even for biotransformation.
Histological Analysis of the Morphogenic Process
In hop, wounding appears to play a pivotal role in the induction of morphogenesis from internode-derived nodules [8] .
Abiotic factors such as temperature, humidity, and light also seem to be involved in induction of morphogenesis in hop.
Small variations in these factors may have a major impact in organogenic nodule formation and plantlet regeneration. A high regeneration rate can only be obtained in growth chambers at specific conditions. Previously, several conditions of light, temperature, and humidity were tested and in certain cases morphogenesis was totally impaired (Fortes and Pais, unpublished data). Besides, growth regulators and their balance have a pivotal role in the induction of the process. Control explants cultured on basal medium without indole-3-acetic acid and benzylaminopurine addition never gave rise to neither nodule nor shoot bud, showing the appearance of incipient calluses after two-three weeks of culture [8] .
The morphogenic process in Humulus lupulus var. Nugget started with divisions of cambial and cortical cells of internodes cultured for one week on induction medium with hormones ( Figure 1(a) ). After 15-19 days in culture, cambial cells were dividing tangentially and ultimately differentiating into vascular bundles. This gave rise to several prenodular structures [8] . At this stage, the entire explant was almost covered by masses of cells partially individualized from the original explant that were surrounded by calli cells.
After 25-28 days in culture, prenodular structures surrounded by callus tissue form a cohesive unit able to undergo cell and tissue differentiation (Figures 1(b) and 1(c) ), giving rise to nodules. Nodules obtained from Humulus lupulus var. Nugget internodal explants showed a central vascular area and a cortical parenchyma area surrounded by elongated cells (Figure 1(b) ; [8] ). Nodules would increase then their volume and show multiple vascularization centers, the so-called "polycenter nodules" [10] around which nodulation could occur and form small "daughter nodules" (Figure 1(d) ). Each of the "daughter nodules" grew further and then underwent organogenesis after 45 days in culture. This greatly increased the overall number of regenerated shoot buds obtained per internodal explant (Figures 1(d) and 1(e)). A high regeneration rate is greatly advantageous for mass propagation and genetic transformation.
Sugar Signaling and Secondary Metabolism
Plant cells cultured in vitro require the addition of exogenous sugar, in particular sucrose, since photosynthetic activity decreases. Transcriptomic and metabolomic studies showed an upregulation of gene coding for sucrose synthase and an increase in carbohydrate pool (glucose and sucrose) in prenodules and nodules [23] accounting for the importance of sucrose uptake from the culture medium and its later degradation. The glucose resulting from this degradation will most probably be used to the huge starch accumulation occurring during prenodule formation which will be later mobilized during development of nodules and plantlet regeneration [8] .
The highest fold change obtained for upregulation of gene coding for sucrose synthase as well as downregulation of gene coding for Rubisco was obtained after 24 h upon culture initiation [23] , which is in agreement with increased jasmonic acid (JA) levels, a growth regulator known to be involved in regulation of carbohydrate metabolism [24, 25] .
Sugars can act as morphogens, providing positional information to the cell cycle machinery and organogenic programs [26] . Sugars can repress photosynthetic activity chlorophyll accumulation and development. They play a role in antioxidant balance [27] and regulate the expression of lipoxygenase (LOX) genes, pathogenesis-related genes, and other stress-inducible genes [26] as well as carbon and nitrogen metabolism. In fact, studies carried out with the model legume Medicago truncatula support that nodule-enhanced Sucrose synthase 1 is required for the establishment and maintenance of an efficient N-fixing symbiosis [28] . It is noteworthy that hop control samples cultured for 28 days in medium without growth regulators accumulated sucrose to the highest extent whereas glucose levels were low. In these samples, sucrose is not being degraded upon uptake from the medium leading to low levels of glucose which may be impairing growth and morphogenesis.
A crucial element of transcriptional and metabolic regulation in response to stress and energy status are the evolutionarily conserved energy sensor protein kinases, SNF1 (sucrose nonfermenting 1) in yeast, AMPK (AMPactivated protein kinase) in mammals, and SnRK1 (SNF1-related kinase 1) in plants [29] . Among the identified SnRK1 target genes are the ones coding for sucrose synthase and α-amylase (reviewed by [29] ). Moreover, SnRK1 is involved in the posttranslational redox activation of ADPGlucose pyrophosphorylase and thus in starch biosynthesis [30, 31] . To the best of our knowledge, these kinases have not been implicated in in vitro morphogenic processes; nevertheless they can be expected to play an important role in organogenic nodule formation. Hop morphogenic structures produce energy mainly anaerobically, and according to the expression of genes coding for glycolytic enzymes, this process is more active during the prenodular stage (15 days of culture). Transcriptional profiling showed that several genes coding for proteins putatively related to photosynthesis such as Rubisco were downregulated in prenodules and, to lesser extent, in nodular explants [23] . An inverse correlation between photosynthesis-and defence-related gene regulation is probably due to an energy reallocation mechanism. Downregulation of proteins such as Rubisco may result from JA action as well as the induction of proteinase inhibitors and enzymes involved in the biosynthesis of secondary metabolites [24, 25] . In fact, jasmonates modulate the sucrose-induced expression of flavonoid biosynthetic genes in Arabidopsis [32] .
The phosphoenolpyruvate generated in glycolysis provides carbon skeletons to the phenylpropanoid-flavonoid pathway. Since the increase in dihydrophenylpropanoids was observed after 15 days, it is most probably related to development of prenodules than to stress response [23] . The knowledge on the involvement of phenylpropanoids and flavonoids in morphogenesis is to date very incipient. The increase in dihydrophenylpropanoids and concomintant upregulation of genes coding for a cinnamic acid hydroxylase and a flavonol synthase during prenodule formation indicate Journal of Biomedicine and Biotechnology 5 a general role of flavonoid during organogenesis. In an analogous way to nitrogen-fixing root nodules [33] , the flavonoid pathway might be crucial for nodule formation. Certain flavonoids are known to regulate polar auxin transport and formation of auxin gradients [34] . The leaf vascular strands depend on the accumulation of auxin in the procambial cells and its gradual canalization through polarization of auxin efflux carriers [35] . The formation of vascular centers in prenodules might similarly depend on strict regulation of auxin transport necessary for vascular tissue differentiation.
Role of Stress-Induced Enzymes and Derivative Products

Mitogen-Activated Protein Kinases and Oxidative Stress.
Plant stress responses are a key factor in steering and reprogramming the development of cells, tissues, and organs. In hop, wounding appears to play an essential role on the induction of morphogenesis from internode [8] .
Mitogen-activated protein kinases (MAPK) are important signal transducers connecting the perception of external stimuli to cellular responses. MAPK cascades have been implicated in signaling various abiotic and biotic stresses, like wounding and pathogen infection, temperature stress, or drought, but are also involved in mediating the action of some plant hormones, such as ethylene and auxin [36] . MAPK cascades may link auxin signalling to oxidative stress responses and cell cycle regulation [36] . A systemic increase in transcripts encoding a wound-induced protein kinase, a MAPK homolog in tobacco, was observed in response to mechanical wounding [37] . The same was noticed for hop internodes 5 min following wounding [38] . This increase in wound-induced protein kinase transcripts was accompanied by increased kinase activity that peaked after 20 min ( Figure  2 Hydrogen peroxide, a reactive oxygen species (ROS) released by wounding, and JA activate in Arabidopsis a MAPK cascade, involving MAPK 6 (MPK6) [39, 40] . Mitogen-activated protein kinase signalling pathways have also been shown to regulate diverse aspects of plant growth and development. MAPK cascades can be involved in the restriction of asymmetric cell division frequency, in maintaining polarity, and in coordination of cell fate specification [41] . Genes encoding MPK3 and MPK6 were suggested to regulate anther cell division and differentiation and ovule development [42, 43] .
The extracellular signal-regulated kinase (ERK) pathway is a conserved MAPK module across the eukaryote evolution. In animal and yeast cells, the last members of this cascade, ERK1 and ERK2, have been involved in diverse cellular processes including control of cell growth, proliferation, and differentiation [44] . Depending on the duration of ERK activation, both proliferation and differentiation processes can be activated in the same cell [44] . Moreover, these MAPKs were shown to be activated by cytokines and hydrogen peroxide [45] . In plants, orthologues of these MAPKs have been shown to regulate fundamental processes such as the cell cycle and cell survival [46] .
In hop organogenic nodules, two ERK isoforms have been implicated in the initiation of cell differentiation into nodules [47] . In prenodules, active ERKs were localized mostly in the nucleus of dividing cells. As in animals [48] , the regulation of the MAPK accessibility to the nucleus might be a key-signaling event by which cells control the intensity and temporal activation of genes during cell growth and differentiation. Once nodular cells start proliferating to form shoot meristems, ERK1 and 2 were detected in the cytoplasm [47] . Thus, the presence of ERKs in the nucleus of prenodular cells seems to correlate with the initiation of cell differentiation into nodules. ERK2 was shown to be induced by ROS and act throughout the organogenic process. However ERK1 appears to be involved in the later stages, namely, daughter nodules and meristem formation (28 and 45 days after induction).
Recently, a gene coding for a MAP kinase-like protein was found upregulated in organogenic nodules comparing to control explants cultured on medium without growth regulators [23] . This observation further demonstrates the role of MAPK in the differentiation and proliferation of nodular cell upon morphogenic stimulus such as the application of growth regulators. Cell competence is associated with a particular metabolic cell-state most probably induced by growth regulators and stress conditions, which enables to switch on defense mechanisms in a way that triggers morphogenesis. Indeed, arrangement of cells into morphogenic structures such as somatic embryos might depend on a tight control between cell proliferation and cell death [49] . The cell mitotic cycle is also tightly regulated by the cell redox balance. Reactive oxygen species (ROS) are not only toxic by products of aerobic metabolism but also linked to the activation of several stress-responsive MAPK pathways in plants [40] . Both reactive oxygen and nitrogen species (ROS/RNS) production and detoxification are actively regulated in the response to environmental cues and developmental stage. ROS/RNS detoxification relies on the antioxidant defence, which involves enzymatic activities (catalases, superoxide dismutases, and peroxidases) and antioxidant molecules (glutathione and ascorbate). Recently, ROS and RNS species emerged as ubiquitous signalling molecules participating in the recognition of and the response to stress factors.
Transcriptomic analysis of hop organogenic nodules showed a clear upregulation of genes related to stress response [23] . Production of reactive oxygen species is likely to be counter-balanced by a set of antioxidant agents resulting in the tight control of oxidative status. In fact, explants cultured on medium without growth regulators showed increased expression of a Senescence-Associated Gene and a gene coding for a putative gamma-thionin. Moreover, the accumulation of glutamine and glutathione gives strong support that these tissues become extremely oxidized upon wounding and during in vitro culture. Concomitantly, instead of nodule formation taking place, cell death was widely occurring in these control samples. The role of oxidative stress in morphogenesis was also supported by the induction of genes coding for several peroxidases which can be involved in cell wall modification associated with growth and developmental processes [23] . Reactive oxygen species were shown to accumulate at a necrotic cell layer that marks the future region of nodule separation [50, 51] . Hydrogen peroxide which accumulates in nodular cells may act as a signalling molecule-regulating development and programmed cell death [52] . The occurrence of programmed cell death in certain nodular cells may also play a role in recycling nutrients for the growing structure. Moreover, ROS may have a direct influence on primary metabolism by modulating enzymes involved in starch synthesis/degradation [53] .
Lipoxygenases Expression and Lipid Metabolism.
Stress response and lipid metabolism involve expression of lineolate oxygen oxidoreductases (lipoxygenases, EC 1.13.11.12; LOXs [54, 55] ). Lipoxygenases catalyze the conversion of (1Z, 4Z)-pentadiene polyunsaturated fatty acids into their corresponding hydroperoxy derivatives [54] . Several compounds in the linoleate cascade from LOX have physiological effects in plants, for example, jasmonic acid, methyljasmonate, and some volatile aldehydes [24, 25] .
Lipoxygenases were shown to be developmentally regulated throughout the process of nodule formation [50] . They have been implicated in the response of internodes to wounding, nodule formation, and plantlet regeneration from these nodules. The rapid increase on LOX activity parallel with elevated levels of lipid peroxides in response to wounding may be involved in the synthesis of the woundhealing factor, traumatin, and jasmonates that in turn can trigger the expression of wounding/defense-related genes as previously suggested [55] . Lipoxygenase isoenzymes were shown to be de novo synthesised during induction and formation of organogenic nodules. Immunogold labelling studies showed that LOX isoenzymes were located in peroxisomes, plastids, and lipid bodies of nodular cells. In addition, two ESTs coding for LOXs were found to be differentially expressed during organogenic nodule culture [23] . Their transcriptional profile differs between them suggesting that these enzymes are located in different compartments and/or have different metabolic activities [50] . The localization of LOX preferentially in areas with high meristematic activity suggested an active role in growth and development during this morphogenic process [50] . Interestingly, also increased contents in α-linolenic acid, choline, and a short chain fatty acid were found when comparing organogenic nodules to control explants cultured in medium without growth regulators [23] .
The localization of LOX in peroxisomes of nodular cells could be related to entrance of these cells in programmed cell death as it might be a source of ROS. The degradation of peroxisomal membrane and the leakage of their contents might lead to nodules separation into "daughter nodules" [50] . In fact, plant peroxisomes constitute a source of signalling molecules such as ROS [56] .
The localization of LOX in lipid bodies suggests the involvement of LOX in the mobilization of storage lipids to be used as a respiratory substrate in this high energyrequiring process of nodule formation [50] . Besides the involvement of LOX, the expression of other genes and activity of enzymes involved in lipid metabolism seems to be essential for morphogenesis to occur. For instance, other ESTs coding for enzymes involved in lipid metabolism were found, namely, lipid transfer proteins and epoxide hydrolase [23] . The induction of such genes was related to the formation of a thick cutin layer of smooth texture specific to morphogenic regions of nodular structures [57] . This cutin layer may prevent water loss, thus influencing the regeneration capacity of nodular cells. upregulated in diverse developmental processes as well as in response to wounding and other abiotic and biotic stresses [25, 58] .
Growth Regulators
Jasmonates are oxylipins (oxygenated compounds derived from polyunsaturated fatty acids) which have attracted interest as signaling molecules activating gene expression in different plant responses, such as to wounding [25, 58] . Jasmonates include JA and its methyl ester, and octadecanoids comprising OPDA and its derivatives.
Changes of AOC expression and localization were reported during wound-induced organogenic nodule formation and plantlet regeneration [59] . Allene oxide cyclase transcripts and protein were shown to rapidly accumulate upon wounding of the explant indicating wound-induced de novo AOC synthesis. During formation of nodules, AOC was immunolocalized to the amyloplasts present in the nodules and additionally in chloroplasts of differentiated nodular cells. This localization of AOC was related to JA generation, which could be involved in conditioning storage or mobilization of sugars occurring in growth and differentiation processes. An increased level of sucrose followed by increased cell expansion seems to occur in response to JA [60] .
The increase in JA and OPDA levels within the first 24 h after wound treatment of the cultured explants (internodes) was suggested to be involved in downregulation of photosynthetic genes during inhibition of chlorophyll synthesis and amyloplasts differentiation observed in the early steps after culture initiation [23, 59] . During plant regeneration from organogenic nodules, a new rise of those compounds was measured, suggesting that these morphogenic processes might be affected by JA and OPDA as reported for somatic embryos [61] .
Arginine Decarboxilase and Polyamines.
Arginine decarboxilase (ADC; EC 4·1.1·19), is one of the main three enzymes controlling the biosynthesis of polyamines, together with ornithine decarboxylase (ODC; EC 4·1.1·17) and S-adenosyl-L-methionine decarboxylase (SAMDC; EC 4·1.1·50). Arginine decarboxilase is involved in putrescine biosynthesis, the precursor of spermine and spermidine.
Polyamines have been implicated in a wide range of biological processes, including cell growth and division, stabilization of nucleic acids and membranes, protein synthesis and chromatin function, and biotic and abiotic stresses responses [62] [63] [64] . Polyamines are also implicated in programmed cell death [65] .
During organogenic nodule formation in hop, two isoforms of ADC were detected [51] . The increase in the levels of two ADC isoenzymes with the concomitant decrease in arginine levels during prenodular and nodular formation were related to increased polyamine synthesis and their role in morphogenesis [23, 51] . In accordance, polyamines have been related to the formation and development of globular embryos and organogenesis [64, 66] .
The involvement of polyamines in several biological functions may rely on the differential subcellular location of ADC, among other enzymes. In hop, ADC is located in three different compartments: nucleus, plastids, and cytosol, depending on the tissue under analysis. One isoform seems to be induced by the wounding of internodes. The high increase in total polyamines content measured four days after culture initiation was related to the onset of active cambial and cortical cells division of internodes. Moreover, polyamines might exert a protective effect on the cell membranes against ROS-induced lipid peroxidation [67, 68] . The fact that polyamines content kept increasing from start of culture up to nodule formation reaching high values at this time point infers an important role for these compounds in hop morphogenesis. For instance, polyamines have been implicated in the regulation of polar auxin transport during the induction of vascular tissue [69] . Thus, polyamines can eventually be important for the formation of vascular centers in organogenic nodules.
Since polyamines are thought to be involved in the regulation of transcription and translation, increased polyamine synthesis and metabolism may be related to selective protein synthesis occurring during organogenesis. Polyamines are also known to enhance ERK activity playing a role in signal transduction events leading to cell growth and differentiation [65] .
Increased transcription of genes coding for SAM synthetase and SAMDC suggested increased S-adenosyl-L methionine synthesis [23] . In hop, a gene coding for SAMDC was upregulated during nodule formation in accordance with increased spermidine synthesis at this stage. The increase of polyamines concomitantly to the expression of SAMDC was also reported during shoot organogenesis [70] . Interestingly, gamma-aminobutyric acid, a product of polyamine oxidation, was found to accumulate throughout hop culture in particular during nodule formation [23] . This compound has been related to stress response and may be produced in certain nodular cells where oxidative stress is increased.
Besides its involvement in polyamine biosynthesis, SAM also provides methyl groups in many biological methylations, namely, in the synthesis of phenolic compounds which increase during hop morphogenesis in particular in prenodules [23] .
Auxin Transport and Signalling.
The plant hormone indole-3-acetic acid (IAA) is at the center of many key morphogenic events in plants, such as embryogenesis, organogenesis, root elongation, and growth responses to environmental stimuli [71] . Auxin is actively pumped from cell to cell by the action of import and export proteins. Experimental evidence suggests that it is the control of auxin transport by these transport proteins that is central to many patterning processes involving auxin [72] . Members of the PIN protein family determine in Arabidopsis the direction and rate of intercellular auxin flow through their polar plasma membrane localization [73, 74] and thus are necessary for cell polarity and patterning.
The endogenous IAA content is higher in organogenic nodules than in internodes. Moreover, the formation of nodules is impaired by inhibitors of auxin synthesis and transport [75] . In parallel, pharmacological manipulation 8 Journal of Biomedicine and Biotechnology of polar auxin transport abolishes auxin gradients and results in defective embryogenesis, shoot organogenesis, and root meristem formation [76] . Consequently, polar auxin transport seems to be a major determinant of the asymmetric auxin distribution that functions upstream of many auxindependent developmental processes. These results indicate that auxin synthesis and its polar transport may play a pivotal role in nodules formation and later in regeneration of plantlets. The ability of auxin to act as a morphogen is also seemingly convincing in the case of wood formation [77, 78] . In Scots pine (Pinus sylvestris L.), auxin concentration gradient coincides with the developmental gradient of secondary xylem cell specification [77] . Although auxinresponsive genes may be more sensitive to changes in auxin concentration than to the absolute concentration of auxin, this phytohormone appears to be involved in regulating the cambial cell divisions to specify secondary xylem formation [78] .
Leaf protoplasts of alfalfa (Medicago sativa L.) cultured on medium with different 2,4-dichlorophenoxyacetic acid concentrations develop into either embryogenic or nonembryogenic cell types [79] . This suggests that both the concentration and the ratio of exogenous hormones are important to determine cell fate during de novo organogenesis. An important mode of auxin action is through its effects on gene expression [71] . Transcriptomic studies gave further support that changes in auxin signalling may be involved in organogenic nodule formation [23] . Two classes of auxin regulated transcripts were found: auxin-repressed protein (ARP) coding gene and Aux/IAA early auxin-response gene. The transcription of the Aux/IAA gene family presents a high heterogeneity in response to auxin depending on both tissue type as well as duration and concentration of auxin exposure [80] . During organogenic nodule formation, there is downregulation of two ARP proteins when compared to the control (noncultured internodes). Nevertheless, this repression seems to be released with the ongoing of this morphogenic process. These results suggested that ARP genes must be downregulated for auxin-mediated responses to occur. In parallel, during wood formation in hybrid aspen plants (Populus tremula × Populus tremuloides), perturbations of auxin signalling by reducing auxin responsiveness reduced the cambial cell division activity, caused spatial deregulation of cell division of the cambial initials, and led to reductions not only in radial but also in axial dimensions of fibers and vessels [78] .
Morphogenesis-Associated Signal Transduction Pathways
The perception of hormone stimuli and/or secondary messengers like ROS and calcium may trigger various signal transduction cascades in several developmental processes. In carrot, calcium was found to be essential for morphogenesis of undifferentiated cells into somatic embryos (reviewed by [81] ). An important role of calcium on organogenic nodule formation in hop has also been previously suggested [82] . In this study, X-ray spectra collected from organogenic nodules revealed higher levels of calcium on peripheral regions where regeneration was occurring. Moreover, calcium seemed to be mobilized in several directions, from inner regions of nodules towards their periphery at the onset of plantlet regeneration. During any calcium-mediated signal transduction event, an increase in the cytosolic calcium occurs and is perceived by calcium-binding proteins which undergo conformational changes and interact with a wide range of regulatory proteins. Calmodulin is an important protein involved in mediation of calcium signalling. Transcriptomic analysis of organogenic nodule formation revealed increased transcript abundance at prenodular stage of genes coding for a small G-protein ROP9, a RAC-like G-protein and calmodulin, suggesting that this proteins may participate in the determination of prenodular cells to develop into nodules [23] . ROPs are believed to influence polar growth by the ROP-dependent formation of ROS that either activates Ca 2+ channels or leads to cell-wall loosening [83, 84] . Thus, the observed upregulation of this "hub" could be related to cell division and cellular rearrangement of the cytoskeleton. Indeed, active calcium/calmodulin complexes have also been detected in the meristematic regions of heart-and torpedo-stage embryos, suggesting a regulatory role of activated calmodulin in embryonal regions showing rapid cell divisions (reviewed by [81] ). Rac/Rop GTPases play important roles in defense response, establishment of cell polarity, and hormone signalling [85] . Thus, hop RopGTPases may be directly or indirectly regulating diverse signaling pathways in a tissue-and temporal-specific context. Transcriptional profiling during organogenic nodule formation also revealed upregulation of genes coding for a putative phosphatase 2A inhibitor, MAPK-like protein, zinc finger protein 4, AN1-like zinc finger, zinc finger (DHHC type) family protein, and a putative plant homeodomain finger and bromo adjacent homology domain protein [23] . Zinc finger proteins constitute an abundant family of nucleic acid binding proteins in the genomes of higher and lower eukaryotes, constituting the most abundant family of putative transcriptional regulators in Arabidopsis [86] . AN1 zinc finger proteins are involved in abiotic stress response. The overexpression of a rice A20/AN1-type zinc finger protein was reported to mediate high tolerance to cold, drought, and salt stress [87] . The upregulation of the hop ortholog during prenodule and nodule formation could help avoid stressassociated injuries and better recovery from stress.
During somatic embryo development in cotton, genes coding for zinc finger homeodomain protein, MAPK, calcium-transporting ATPase, and Argonaute were modulated [88] . A gene of the Argonaute family was proved to be essential for normal somatic embryo development in Picea glauca [89] . It is emerging the view that RNAi controlled gene expression is required for somatic embryogenesis and it may also be the case of organogenic nodule formation.
In our transcriptional profiling study, a gene coding for a putative receptor serine/threonine kinase was upregulated at prenodular stage [23] . In Arabidopsis, a SOMATIC EMBRYOGENESIS RECEPTOR KINASE1 (SERK1) plays a major role in the acquisition of embryogenic competence in culture [90] . In fact, the embryogenic competence of callus Journal of Biomedicine and Biotechnology 9 derived from seedlings over expressing AtSERK1 was threefour times higher when compared with the wild-type callus. Similarly, this gene mediates acquisition of embryogenic competence in the egg cell during zygotic embryogenesis [90] . The product of this gene is a protein that carries leucine rich repeat (LRR) domains exposed at the cell membrane that should be responsible for the interaction with other signal molecules, external signal perceptions, and signal transduction during somatic embryogenesis induction [90, 91] . This protein belongs to the receptor-like kinase-LRR (RLK) family with a serine-threonine kinase site [91] . A correlation between SERK gene expression and somatic embryogenesis has been demonstrated for many other plant species in recent years, for example, in Helianthus annuus [92] , Oryza sativa [93] , or Vitis vinifera [94] but also plays a role in other developmental or physiological processes, for example, adventitious shoot regeneration in Helianthus annuus [92] , formation of symbiotic nodules in Medicago truncatula [95] , or host defence response in Oryza sativa [96] .
SERK1 was shown to interact with the KINASE-ASSOCIATED PROTEIN PHOSPHATASE that is postulated to play a role in receptor internalization [97] . This phosphatase has been reported to interact with WALL-ASSOCIATED KINASE1, among other proteins (reviewed by [98] . More recently, the MADS box transcription factor AGAMOUS-LIKE15 and an uncharacterized zinc finger protein, a member of the CONSTANS family involved in maintaining circadian oscillation, were identified as part of the SERK1 complex [99] . In hop cultures, a gene coding for a wall-associated protein kinase was upregulated in organogenic nodules when compared to control samples cultured in medium without growth regulators [23] . By interacting with cell wall pectins in the presence of calcium [100] , wall-associated kinases may play a role in cell elongation and cell differentiation during morphogenesis.
It is also intriguing and deserves further studies whether the LEAFY COTYLEDON (LEC) transcription factors which are markers of embryogenesis do play a role in organogenic nodule formation, a structure that resembles an embryo without polarization since plant regeneration occurs from many regions of the nodule. LEAFY COTYLEDON transcription factors were suggested to create an environment in somatic cells that make them competent to respond to auxin and undergo somatic embryogenesis [101] . Whereas LEC transcription factors are involved in the induction of somatic embryogenesis, SERK1 increases the competence of tissues to undergo this morphogenic process (reviewed by [101] ).
When organogenic nodules are compared to symbiotic nodules, differences in gene expression and metabolism should be expected since in the latter there is interaction with another organism and symbiotic nodules are involved in nitrogen fixation. Additionally, somatic embryos present polarization whereas organogenic nodules are not polarized structures. However, many features are common to all the morphogenic processes. It will be interesting to study the expression of genes such as the ones encoding POKY POLLEN TUBE and EARLY FLOWERING 3 (ELF3) during development of symbiotic nodules and somatic embryos since these genes were not reported so far for these morphogenic processes but have been found in organogenic nodule formation in hop [23] .
In Arabidopsis, POK/VPS52 is associated with pollen tube growth [102] , and belongs to the GARP (Golgiassociated retrograde protein)/VFT (Vps Fifty Three) complex. The poky pollen tube (pok) male gametophytic mutant exhibits very short pollen tubes. A more general role for POK in polar growth beyond the pollen tube elongation process was suggested [102] . Intense membrane trafficking is expected to occur during hop nodule organogenesis. The involvement of POK/VPS52 protein in retrograde transport towards the Golgi apparatus is suggestive of the importance of regulating some steps of vesicle trafficking during organogenesis, likely contributing with material for the cell-wall and membrane during growth and/or for the recycling of signaling components to and from the plasma membrane. This may also play an important role in establishment of the embryo axis during somatic embryogenesis.
Previously, we reported that light plays a major role in induction of organogenic formation, eventually by modulating the endogenous circadian clock which controls various cellular processes ranging from photosynthesis to stress responses [103] . In hop, a gene coding for an EARLY FLOW-ERING 3 (ELF3) protein was upregulated in prenodules and organogenic nodules [23] . ELF3 nuclear protein is an evening-specific repressor that represses light input to the circadian clock. Its activity is thought to be required by the core oscillator to produce circadian rhythms regulating growth responses [104] . The mutations on ELF3 Arabidopsis gene cause light-dependent circadian dysfunction, elongated hypocotyls, and early flowering. Variation on ELF3 expression might results in promotion or repression of flowering [105, 106] . Circadian rhythms are highly relevant to a wide range of biological processes and it may also be the case of development of symbiotic nodules and embryos.
Common Features in Diverse Morphogenic Processes
One of the fundamental questions in morphogenesis research is understanding why and how only certain cells of an organism are able to create complex forms and patterns to give rise to a new organ, given that every cell has the same genetic code. As fascinating and intriguing is the observation that separated tissues and cells can give rise to identical adult plant, but if left together, these same tissues and cells somehow "know" about each other and develop into a single organism. Rather than cell lineage, it is the positional information that determines cell fate in plants. among others (Figure 3 , [23] ). Analysis of the datasets suggests that this process shares many similarities to the induction phase of somatic embryogenesis [49, 107] and nitrogen-fixing root nodules [108] [109] [110] . All these morphogenic processes rely on the capability to reverse their state of differentiation (first dedifferentiation and then redifferentiation). This seems to depend on the activity of genes that determine and maintain the meristematic state of cells, the level of hormones in the cells, and their sensitivity to hormones. A putative molecular and genetic regulatory network during reprogramming of somatic to embryonic cells has been proposed using Arabidopsis datasets and used to transfer information on genes between genomes based on orthologic relationships [96] .
As with the initiation of hop organogenic nodules, the initiation of somatic embryogenesis requires a signal that induces recapitulation the embryogenic potential of the mitotically quiescent somatic cells. In many forms of somatic embryogenesis, the induction signal is exogenously applied auxin. Also de novo organogenesis leading to root nodule formation starts with the perception of an external stimulus. In this case, the signals are emitted by the symbiont rhizobial bacteria (Nod factors) upon sensing of flavonoids present in host root exudates. Nod factors are recognized by the host's root and epidermal infection stimulates cortical cells division near the infection point and neighboring the root protoxylem pole [33] . Similarly, after incision of internodes and placement in culture media, hop responds to this stimulus by intense cortical and cambial cells divisions. In both cases, the combinatorial interactions of an external cue and changes in diverse signaling pathways define cells that are dividing rapidly to establish the nodule primordium, that is, events that specify the cells that will become part of an organ.
In nitrogen-fixing root nodules, formation of nodule primordia involves dedifferentiation and reactivation of cortical root cells. Both gain-and loss-of-function mutants of Lotus japonicus have shown that cytokinin signaling through the cytokinin receptor (Lhk1) is important for reactivation of the cell cycle in cortical cells [111] . A yet unidentified ortholog of this receptor in hop may be expected to play an important role in organogenic nodule formation since benzylaminopurine addition to culture medium is determinant for morphogenesis to occur [8] .
Host flavonoids have also a role in cell proliferation by inhibiting polar auxin transport [112] . This has been demonstrated by silencing of the chalcone synthase in Medicago truncatula which induced flavonoid deficiency, inhibited nodulation and disabled the inhibition of auxin transport by rhizobia [113] . The increase of dihydrophenylpropanoids and concomitant upregulation of trancripts for cinnamic acid hydroxylase and flavonol synthase [23] indicate that flavonoids may be relevant to the induction and formation of the organogenic nodules. It remains though to be examined if flavonoids regulate auxin transport and formation of auxin gradients [34] in an analogous way to nitrogen-fixing nodule.
Application of one and/or several stresses (wounding, osmotic, heavy metal ion, and dehydration stress), are known to induce or promote somatic embryogenesis [79, 114] . The cell fate switch during somatic embryogenesis, organogenic nodule formation and nitrogen-fixing nodules has been related to a tight control of defense and antioxidation mechanisms. It is well established that auxin and light can induce an oxidative burst in the target tissue by generating ROS. Similarly, oxidative burst, in form of H 2 O 2 and oxygen singlet, has been detected during the infection by the symbionts and later in infected cells of young nodules for nodule formation [115] . Comparatively, the oxidation of nitro blue tetrazolium due to presence of ROS could be detected around wounded areas of the explant and further on at nodule separation into "daughter nodules" (Figure 3  [51] ).
The accumulation of ROS/RNS in these areas might be fundamental for cellular growth. This is well illustrated by experiments that use of scavenger of ROS resulting in the impairment of hop nodule formation and indeterminate nodule formation [51, 116] . Thus, the tight control of when, where, and to what levels ROS/RNS are present might be pivotal to trigger morphogenic events. As they can provoke cellular damage, the whole antioxidant defence is essential for progression of morphogenic programmes. The hop organogenic and legumes nodules have high thiol content, namely, in the form of glutathione suggesting an active glutathione-ascorbate cycle [23, 117, 118] . Transcripts for glutathione-S-transferase genes have been shown to accumulate in somatic embryos after auxin stimulation [49] and in hop organogenic nodules up to nodular stage [23] . Glutathione-S-transferase can catalyze glutathionedependent peroxidase reactions that scavenge toxic organic hydroperoxides and protect from oxidative damage. Thus, rise on glutathione-S-transferase transcripts or activity may accompany an increase in glutathione levels. This major antioxidant may have an important antioxidant role in morphogenesis. Finally, the production of ROS/RNS might also be important in the process of senescence and cell death occurring for instance in the separation of "daughter nodules" in hop or in the senescence of infected cells in the later stages of the nodulation process. Also, in soybean, transcriptional profiling during somatic embryogenesis suggested that that the arrangement of new cells into organized structures might depend on a genetically controlled balance between cell proliferation and cell death [49] .
Because plant cells are constrained by their cell walls and cannot migrate, the tight regulation of division planes during cell proliferation and of the direction of elongation is of vital importance to place cells into the correct positions during embryogenesis and organogenesis. Rearrangements of the cytoskeleton from perinuclear radiating microtubules and actin microfilaments to cortical arrangements seem to be essential for the development of somatic embryos [119] . Similarly, in Nod factor-induced nodule cell differentiation, subtle changes in the cytoskeleton network were observed; the increase in the fine bundles of actin and decrease in the microtubuli growth rate [120] . The changes in the organization of the cytoskeleton may also involve a change in the predominant actin isoform of which the cytoskeleton is composed. Although changes in the histological and cellular organization of cytoskeleton are yet to be analyzed in hop organogenic nodules, the upregulation of a transcript for a tubulin isoform observed in hop organogenic nodule in comparison with nonmorphogenetically competent tissue [23] suggests that particular cytoskeleton changes are specific to the morphogenic events.
Hormonal systems provide coordination of processes in the organism through metabolic, morphogenetic, and genetic processes. In carrot, it was proven that single cultured cells require 2,4-dichlorophenoxyacetic acid to initiate embryo development. However, the continuous presence of this artificial auxin blocks further development and results in the accumulation of the already determined proembryogenic cell mass in the cultures [121] . The pivotal role of auxin and cytokinin in morphogenesis has been for long recognized. Notwithstanding, growth regulators such as jasmonic acid and polyamines, among others, have been related to the translation of diverse stimuli in to growth and differentiation. Pronounced changes in the levels of polyamines and their biosynthetic enzymes demonstrate the importance of these growth regulators in promotion of somatic embryogenesis [64, 66] , nitrogen-fixing root nodules [122] and hop organogenic nodules [51] . Analysis of transcript accumulation for the ADC, which catalyzes the first step of polyamine biosynthesis have shown in Lotus japonicus that the maximum of expression occurs in young nodules, a developmental stage characterized by rapid nodule growth whereas the transcript of these enzymes rapidly declined during later stages of nodulation [122] . Moreover, the authors also reported a correlation between expression of polyamine biosynthetic genes and those involved in cell division and expansion. This points to a primary role for polyamines in cell expansion, since changes in the levels of various polyamines have been correlated with the developmental stage rather than the period of growth in the maturation medium.
Jasmonic acid, its immediate precursor OPDA and its derivates (methyl jasmonate), emerge as regulators of specific developmental processes and plant adaptation to environment by controlling responses to external biotic or abiotic stimuli [25, 58] . These growth regulators generally rise upon wounding stimulation of explants such as in the case of organogenic nodules of hop ( Figure 3, [59] ). Concomitant with the jasmonate levels, the accumulation of AOC mRNA was transiently induced after wounding. Similarly, jasmonates were shown to build up during the early steps of the symbiosis but suppressed during the nodule formation [123, 124] .
Upstream in the biosynthetic pathway of JA are LOXs that catalyze the hydroxyperoxidation of fatty acids. Lipoxygenases are accumulated upon stress conditions [55] . The function of LOX in wounding seems to be related to the synthesis of a number of different groups of oxylipins with signalling activity. Hop organogenic nodules and in rhizobia-induced nodules have a characteristic early and great induction of LOX activity in the growth and development of specific cells within the nodules [23, 50, 110, 125] . The variety of different LOXs found in both organogenic processes indicate that they may function in the formation of specific tissues [110] . However, during soybean somatic embryogenesis of [49] , the late upregulation of lipoxygenases indicates that they may be associated to storage rather than to signalling processes.
Concluding Remarks
Higher plants are rich sources of medicinal compounds and of industrial usage. However, many plants are still harvested in the wild. The increased demand, both in quantity as well as in quality, and drastic reduction in plant availability increase the pressure to produce medicinal compounds via alternative ways, especially using tissue cultures and transgenic plants. The current advancements in understanding and manipulating the molecular and cellular biology of secondary metabolism provide a basis for the commercial production of secondary products in tissue cultures and/or transgenic plants. Still, the progress in this field has been hindered by technical difficulties of in vitro propagation and regeneration of several plants. The identification of triggering factors and deciphering the genetic and biochemical networks leading to in vitro regeneration is fundamental for appointing guidelines for tissue culture and genetic engineering of plants.
In this paper, we review the studies carried out in hop in order to establish a model for organogenic nodule formation. Jasmonates, octadecanoids, polyamines, auxins, and cytokinins seem to be involved in response to stress caused by wounding and/or in formation of organogenic nodules and plantlet regeneration. Morphogenic structures accumulate large amount of starch and seem to gain energy through a heterotrophic, transport-dependent and sugardegrading anaerobic metabolism. Oxidative stress caused by wounding and by in vitro culture conditions may induce a morphogenic response in hop internodes leading to formation of nodules and plantlets. This response is likely to involve signal components such as kinases and transcription factors that are also involved in the expression of competence in somatic embryogenesis.
Altogether, these results provide clues on how to induce competent cells and morphogenesis in plant tissues, either by manipulating the content of growth regulators, sugars, or/and the redox status of plant cells. This subject deserves further attention especially for plant species emerging as suitable for medicinal use and with economic impact worldwide such as hop.
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